INTRODUCTION
The Cassiopeia A (Cas A) is a supernova remnant in the Cassiopeia constellation. This supernova may be identical to the 3 Cassiopeiae recorded by John Flamsteed on August 16, 1680 [1] , which is consistent with the supernova explosion date estimated from the remnant expansion: 1681 ± 19 [2] . In 1999, the Chandra X-ray observatory discovered a hot point-like source in the center of the supernova remnant [3] , which is now identified as a neutron star (NS).
Given the distance to Cas A, d = 3.4
+0.3
−0.1 kpc [4] , the NS radius can be determined by measuring the Xray spectrum thermally emitted from the NS. With the black-body and hydrogen atmosphere models, a rather small radius of the X-ray emission area was obtainedabout 0.5 and 2 km, respectively [5] . This implied a hot spot on the NS surface. On the other hand, a lack of the observation of pulsations in the X-ray flux [6] indicates that the X-ray emission comes from the whole surface, which is incompatible with the above observation. This contradiction was resolved by Heinke and Ho, who found that a carbon atmosphere model with low magnetic field gave a reasonably good fit to the X-ray spectrum with a typical size of the NS radius ( 10 km) [7] . In addition, they observed that the surface temperature of the NS evaluated with the carbon atmosphere model was decreasing over the years, which provided the first direct observation of NS cooling [8] .
In the standard NS cooling scenario (see, e.g., Refs. [9] ), a young NS like the Cas A NS cools down mainly through neutrino emission. Soon after the work by Heinke and Ho [8] , the authors in Refs. [10, 11] tried to fit the observed data with the standard NS cooling model.
1 They argued that the cooling rate of the Cas A NS was so rapid that the "slow" neutrino processes could not fit the cooling curve, while the "fast" neutrino processes generically predicted a temperature smaller than the observed one around the time t 320 years. It 1 See also Refs. [12] for other possible mechanisms.
was then concluded that the neutron triplet superfluid transition should occur around this time so that neutrino emission was accelerated through the breaking of neutron Cooper pairs and their subsequent reformation, dubbed as the "pair-breaking and formation (PBF)" process [13] . In addition, proton superconductivity should operate well before t 320 years in order to suppress neutrino emission in the early times, which results in a steep decrease in temperature right after the onset of the PBF process. The observed cooling curve of the Cas A NS was found to be fitted quite well under these conditions.
This conclusion may be altered if there is an additional source of NS cooling. One of the most well-motivated candidates for such a cooling source is the emission of axions [14] , the Nambu-Goldstone bosons associated with the Peccei-Quinn symmetry [15] . The axions are emitted through the axion PBF and bremsstrahlung processes caused by the couplings to nucleons. Indeed, there are already several studies that discuss their effects on the Cas A NS cooling. A detailed study on the axion emission processes and their consequences on NS cooling was performed in Ref. [16] , where predicted cooling curves were compared with the temperature data of relatively young NSs including the Cas A NS. However, only the average temperature of the Cas A NS was concerned and no attempt was made to fit the slope of its cooling curve. In Ref. [17] , the axion-neutron PBF process was utilized to enhance the cooling rate so that the slope of the Cas A NS cooling curve was reproduced. This analysis focused on the time around which the neutron superfluid transition was supposed to occur, with the axion-proton PBF and axion bremsstrahlung processes neglected. In particular, there was no discussion on the temperature evolution at t 300 years.
In this work, we study the Cas A NS cooling in the presence of axion emission, taking account of the evolution of temperature in the whole lifetime of the Cas A NS. It is found that for a sufficiently small axion-nucleon coupling, the observed cooling curve can still be fitted if we take a moderate gap for neutron triplet pairing and a large gap for proton singlet pairing. This success is, arXiv:1806.07151v1 [hep-ph] 19 Jun 2018 however, spoiled once the axion coupling exceeds a certain value, and therefore imposes a lower limit on the axion decay constant. This new limit turns out to be as strong as the existing limits given by other astrophysical observations such as SN1987A.
STANDARD NS COOLING AND CAS A NS
The Cas A NS cooling data collected so far [18] clearly shows that the temperature is decreasing at a constant rate. The measured X-ray spectrum is fitted with an atmosphere model, and the radius R and mass M of the Cas A NS are inferred through their effects on the brightness and gravitational redshift. In Ref. [18] , the authors performed such a fit using a non-magnetic partially ionized carbon atmosphere model [7] and obtained
In the standard NS cooling scenario [9] , the NS cooling proceeds via the emission of neutrinos and photons. The former dominates over the latter in the earlier epoch (t 10 5 years). Various processes participate in neutrino emission, such as the direct Urca process, the modified Urca process, bremsstrahlung, and the PBF process. The direct Urca process, comprised of the β-decay and inverse decay processes, is called the "fast" process. If this occurs, a NS cools quite rapidly. However, this process can occur only at very high density regions [19] , which can be achieved only for a heavy NS. For instance, the AkmalPandharipande-Ravenhall (APR) equation of state [20] allows the direct Urca process only for M 1.97M , which is well above the Cas A NS mass estimated in Ref. [18] . Thus, we can safely assume that the fast process never occurs in the Cas A NS, as in the minimal cooling paradigm [21, 22] . In this case, the neutrino emission proceeds through the "slow" processes such as the modified Urca and bremsstrahlung processes. In the absence of nucleon pairings, to a good approximation the neutrino luminosity L ν caused by these processes is expressed as L ν = L 9 T 8 9 with the internal temperature T 9 ≡ T /(10 9 K) and the coefficient L 9 ∼ 10 40 erg · s −1 [9] . In general, a NS is brought into an isothermal state with relaxation time ∼ 10-100 years [23] , and in fact the Cas A NS is very likely to be thermally relaxed [24] . For an isothermal NS, the evolution of the internal temperature T is determined by the thermal balance equation
where C is the total stellar heat capacity and L cool denotes the luminosity caused by potential extra cooling sources. We have dropped the photon luminosity since this is much smaller than L ν for a young NS like the Cas A NS. The heat capacity C has temperature dependence of the form C = C 9 T 9 with C 9 ∼ 10 39 erg · K −1 [9] . In the absence of extra cooling source (L cool = 0), Eq. (1) leads to
where we have assumed that the initial temperature is much larger than that at the time of interest. The NS surface is insulated from the hot interior by its envelope. For a non-magnetic iron envelope at temperatures as high as the Cas A NS temperature, the relation between the surface temperature T s and the internal temperature T is approximated by [25] 
with g 14 the surface gravity in units of 10 14 cm · s −2 and T s6 ≡ T s /(10 6 K). A more accurate relation, which is also applicable to the case where a sizable amount of light elements exist in the envelope (characterized by the parameter η ≡ g 2 14 ∆M/M with ∆M the mass of the light elements), can also be found in the literature [26] .
The cooling rate of the Cas A NS observed in Ref. [8, 18] was about 3-4% in ten years around t 320 years. On the other hand, from Eq. (2) and Eq. (3), we find that the surface temperature goes as T s ∝ t 0.09 , which results in only 0.3% decrease in temperature in ten years. Hence, the ordinary slow neutrino emission cannot explain the observed rapid cooling of the Cas A NS.
This difficulty can be resolved with the help of superfluidity in the NS (for a review, see Ref. [28] ). It is known that the onset of Cooper pairing of nucleons triggers the rapid PBF emission of neutrino while suppresses other emission processes which these nucleons participate in [13] . The PBF lasts only for a short time-to explain the rapid cooling of the Cas A NS by this rapid PBF process, therefore, the phase transition of the neutron triplet pairing should occur just before t 320 years. This condition implies that the critical temperature of this phase transition, T (n) c , should agree to the internal temperature T around this time; thus, T (n) c is fixed via Eq. (2). One also finds that the resultant cooling rate increases as T (n) c gets larger, which is achieved with a smaller L 9 according to Eq. (2). The reduction in L ν can be realized again with the aid of Cooper pairing-with proton pairings formed, the neutrino emission processes which contain protons are suppressed by the proton gap, which then results in a small L 9 . A small L 9 also ensures that the NS was not overcooled at the time its temperature is observed.
Indeed, the authors in Refs. [10, 11] found that the rapid cooling of the Cas A NS can be explained within the framework of the minimal cooling with an appropriate choice of T (n) c and a sufficiently large proton pairing gap. For instance, it is shown in Ref. [10] that the observed data points are fitted quite well with the cooling curve obtained in the minimal cooling scenario for T (n) c
5.5× 10
8 K and ∆M = 5 × 10 −13 M , where the CCDK model for proton gap [29] and the APR equation of state [20] are adopted.
AXION EMISSION FROM NEUTRON STARS
The above consequence would be changed if there is an additional cooling source, i.e., if L cool = 0 in Eq. (1). In this case, the temperature at t 320 years is predicted to be lower than that in the minimal cooling scenario. However, the observed surface temperature of the Cas A NS, T s 2 × 10 6 K, implies T 4 × 10 8 K (see Eq. (3)), and
needs to be larger than this value in order for the PBF process to operate at t 320 years. In other words, if we fix T (n) c
× 10
8 K in the case of L cool = 0, the rapid cooling due to the PBF process has occurred much before t 320 years-then, the rapid cooling would have already ceased and/or the present surface temperature would be much lower than the observed value. Accordingly, we may obtain a strong constraint on the presence of extra cooling sources from the observation of the Cas A NS cooling data.
To discuss this possibility, in this work, we take axion [14] as a concrete example for a cooling source. Axions are emitted out of NSs through their couplings to nucleons. The axion-nucleon couplings have the form
where f a is the axion decay constant. The coefficients C N are expressed in terms of the axion-quark couplings C q (having the same form as in Eq. (4)), the quark masses m q , and the spin fractions ∆q , where ∆u (p) = ∆d (n) = 0.897 (27) , ∆d (p) = ∆u (n) = −0.376 (27) , and ∆s (p) = ∆s (n) = −0.026(4) are used.
The axion-nucleon couplings induce axion emission via the PBF and bremsstrahlung processes, which have been studied so far in the literature [16, 17, 34, 35] . We have modified the public code NSCool [36] to implement these processes and use it to compute the luminosity of axion and its effect on the NS cooling curves. We adopt the APR equation of state [20] and fix the NS mass to be M = 1.4M in this work.
In Fig. 1 , we show luminosities of various axion emission processes in the KSVZ model with f a = 3×10
8 GeV as functions of time (red and green). For comparison, we also show the total luminosity of neutrino emission (black). We use the SFB model [37] for the gap of singlet neutron pairings. Our analysis is insensitive to this choice. For the proton singlet pairings, the CCDK model [29] is chosen because it has the largest gap in the NS core among those presented in Ref. [21] -this results in a strong suppression of neutrino emission before the onset of the neutron triplet Cooper pairing and thus improves the fit onto the observed Cas A NS data [10] as we discussed above. Note that a large gap for the proton singlet pairing also suppresses the axion emission, and therefore the CCDK model gives a conservative bound. On the contrary, there are large uncertainties in choosing a model of neutron triplet pairings. We thus model this gap with a Gaussian shape with respect to the neutron Fermi momentum and regard its height, width, and central position as free parameters. In Fig. 1 , we take T (n) c = 5 × 10 8 GeV. The instantaneous increase in luminosity at t 300 years for the neutrino emission, as well as the axion emission in the PBF process, is due to the formation of neutron triplet pairings. As we see from this plot, the axion emission via the proton PBF and proton-neutron bremsstrahlung processes is as strong as the neutrino emission before the formation of neutron triplet parings. If |C n | is sizable as in the DFSZ model, the neutron bremsstrahlung process is also significant. 
LIMIT ON AXION DECAY CONSTANT
Now let us study the effect of the axion emission processes on the NS temperature evolution. In Fig. 2 , we show the core temperature T core at the time of the Cas A NS age on January 30, 2000 (t = 300-338 years) as functions of f a for the KSVZ and DFSZ (tan β = 10) models in the red and green bands, respectively, with the bands reflecting the uncertainty in the Cas A NS age. Since we are interested in the drop in the temperature before the onset of neutron triplet pairings, we have switched off the neutron triplet superfluidity in this plot. The Cas A NS core temperature T core,A inferred from the observation for the envelope model Ref. [26] with η = 5 × 10
is shown in the gray line, while its uncertainty is estimated by varying η = 10 −18 -10 −8 (gray band) [18] . It is found that the predicted NS core temperature falls below T core,A 5 × 10 8 K for f a = (a few) × 10 8 GeV, and thus f a smaller than this value is disfavored. We also note that the bound derived in this manner has a large uncertainty due to the ignorance of the properties of the envelope. Figure 3 shows the best-fit curves of the red-shifted surface temperature T ∞ s for several values of f a in the KSVZ model (blue lines), as well as that obtained in the minimal cooling scenario (black line). For each curve, we vary the neutron triplet gap parameters and the Cas A NS age to fit the observed data shown in the green points [18] , where the envelope parameter is fixed to be η = 5 × 10 −13 as in [10] . We find that as f a gets smaller, the NS temperature at t 320 years gets lower, which then requires a smaller value of T (n) c and results in a shallower slope. As a result, the fit gets considerably worse for a smaller f a . Finally, we summarize the lower bound on f a obtained from our attempt to fit the observation data. If the Cas A NS has an iron envelope with a very thin carbon layer (η = 5 × 10 −13 as in [10] ),
where we take tan β = 10 for the DFSZ model. The bound on the DFSZ model is comparable to the one on the KSVZ model with C n 0 because of the large luminosity from proton PBF and the proton-neutron bremsstrahlung as shown in Fig. 1 . As a comparison, the bound derived from SN1987A is f a 4 × 10 8 GeV [38] for the KSVZ model, comparable to the bounds from the Cas A NS obtained above. If the envelope is maximally carbon-rich (η = 10 −8 ) instead, the bound will be weakened by O(1) as shown in Fig. 2 . However, the neutrino emission alone is insufficient to cool the NS and an extra cooling source is needed in this case [18] . The discussion of such possibility will be left to a future work [39] .
CONCLUSION AND DISCUSSION
We have discussed the implications of the Cas A NS rapid cooling for axion models. It is found that the requirement of fitting the slope of the Cas A NS cooling curve in accordance with the temperature evolution from its birth results in a limit of f a 5 × 10 8 GeV if the envelope only has a thin layer of carbon.
This limit is stronger than those obtained in the previous studies. For instance, Ref. [16] sets f a (5−10)×10 7 for the KSVZ model without taking the cooling rate of the Cas A NS into account. In Ref. [17] , it is argued that the rapid cooling of the Cas A NS can be explained with |C n |/f a √ 0.16/(10 9 GeV) in the KSVZ model-this corresponds to f a 5 × 10
7 GeV for C n = −0.02, which is actually in tension with the observation as shown in Fig. 2 .
The limit on f a obtained in this work suffers from a large uncertainty from the ignorance of the envelope parameter η. Further cooling data of the Cas A NS, as well as additional observations of direct cooling curves of other NSs, are of great importance to test the present scenario, and may allow us to obtain a more stringent limit on the axion. The analysis performed in this letter can also be applied to other cooling sources, e.g., heavier axion-like particles and dark photons. Such an analysis, in addition to a more detailed study for axion cooling, will be given in the coming full paper [39] .
